We studied a hydrophilic, plasticized bionanocomposite system involving sorbitol plasticizer, amylose biopolymer, and montmorillonite (MMT) for the presence of competitive interactions among them at different moisture content. Synchrotron analysis via small angle X-ray scattering (SAXS) and thermal analysis using differential scanning calorimetry (DSC) were performed to understand crystalline growth and the distribution of crystalline domains within the samples. The SAXS diffraction patterns showed reduced interhelix spacing in the amylose network indicating strong amylose-sorbitol interactions. Depending on the sorbitol and MMT concentration, these interactions also affected the free moisture content and crystalline domains. Domains of around 95Å and 312Å were found in the low-moisture-content samples as compared to a single domain of 95Å in the high-moisture-content samples. DSC measurements confirmed that the MMT increased the onset and the melting temperature of nanocomposites. Moreover, the results showed that the ternary interactions among sorbitol-amylose-MMT supported the crystalline heterogeneity through secondary nucleation.
Introduction
Starch is a widely studied biopolymer because of its biodegradable and renewable nature, as well as its comparable mechanical properties to many polyolefins. However, its high glass transition temperature and water sensitivity limit its utilization in environmentally friendly applications such as flexible packaging for food/horticultural products. A significant turn-around in commercial acceptance with key commercial and environmental benefits can be achieved through judicial balance of molecular interactions within the hydrophilic environment of a plasticized amylose biopolymer system. The authors had earlier reported on starch biopolymer processing [1] and hydrophilic interactions in starch and various additives [2] . Interactions between glycerol and starch nanocomposites, for example, glycerol/starch/MMT [3, 4] and the competitive interaction between starch/MMT (unmodified montmorillonite)/water system have also been reported [5] . Those investigations outlined that the hydrophilic interactions between an amylose polymer and different plasticizers are typically concentration dependent. It was also summarized that the interactions between the larger amylose polymer and the smaller water/glycerol molecules are stronger as compared to the starch-MMT interactions because of the relatively smaller size of glycerol molecules. Therefore, this investigation focuses on the hypothesis that with larger plasticizer molecules such as in a starch/MMT/ sorbitol system, where the sorbitol molecule is larger than glycerol, interactions between water and sorbitol would become competitive for certain sorbitol concentrations. Further, in the presence of nanoparticles such as MMT, such interactions would lead to the formation of different morphologies and size domains, which may alter the bulk crystallinity and stabilize the bulk mechanical properties [6] . Since physical properties such as strength and modulus are related to bulk crystallinity and glass transition behavior, an understanding of these interactions is crucial for developing flexible packaging products.
small angle X-ray scattering (SAXS) is a powerful and efficient method to investigate the dispersion of nanoscale particles and crystal domain sizes that are formed due to the interactions between the polymer and other additives with a structural size of 10Å or larger [7] . Several methods have been developed for extracting SAXS related parameters including Benjamin's novel method for estimating structural parameters and crystal thickness [8] [9] [10] . But for amylosebased nanocomposites, the interactions between amylose polymer/MMT/plasticizer/water are complicated by the polymers' humidity sensitivity and thus, these interactions are still not well understood [11] [12] [13] . This is the first report on high-amylose based sorbitolplasticized nanocomposites where we examine the combined effect of sorbitol concentration and MMT loading on the size distribution profile of the crystalline domains. The discussions of the obtained data were organized with the aim to understand the synergistic interactions of the prepared nanocomposites. Thus we discussed the binary composite which consisted of only starch and either sorbitol or MMT (SAXS, via the Synchrotron radiation facility in SPring-8 (Hyogo, Japan)) followed by comprehensive analysis on the more complicated ternary composites (starch + sorbitol + MMT) via both size distribution calculation (based on entropy maximum method) and Calorimetry technique (via Differential Scanning Calorimetry).
Materials and Method

Materials and Extrusion.
Amylose starch (70% amylose) was purchased from National Starch Company (New Jersey, USA); sorbitol was obtained from Food Dept Melbourne Company (Melbourne, Australia); MMT (natural Na + -montmorillonite, 99.5%) was supplied by NichePlas Ltd. (Sydney, Australia). This platelet type MMT has been studied extensively in polyolefinic polymers (oil based polymers), because of their increased physical and gas barrier properties. However, for hydrophilic biopolymeric systems, such as for amylose-rich starch polymers, because its bulk crystallinity is affected by moisture, the interactions of MMT with amylose and with plasticizers need to be considered in the presence of water. Two sets of samples were prepared for the synchrotron SAXS measurement, namely the high moisture content and low moisture content samples, where samples around 3-4 g from each formulation were equilibrated under different moisture environments for characterization and testing. The different formulations were prepared on a twin screw co-rotating extruder; please refer to our previous report for detailed processing parameters [5] . The high moisture content samples were the extruded samples that were maintained at 25
• C for 30 minutes followed by vacuum sealing and freezing at −20 • C for synchrotron and calorimetric measurements. The low moisture samples were prepared from the extruded samples, where samples between 3 and 4 g (in triplicates) were maintained at 60
• C for 12 hours and then vacuum sealed and frozen at −20
• C. The reason for storing at such a low temperature (below glass transition temperature) was to prevent any molecular reorganization due to small scale polymer chain movement. In this paper, the nomenclature was indicated as the sequence of "humidity condition", "plasticizer name", "MMT concentration" and "plasticizer concentration"; for example, for sample OS105, "O" referred to the low moisture content samples, "S" was the sorbitol plasticizer and "1" referred to the wt% of MMT. The last two digits-"05"-referred to the wt% of sorbitol. The samples were maintained in triplicates and their formulations were listed in Table 1 where PS referred to the pure starch sample.
Characterization Studies.
Small Angle X-ray Scattering was carried out at beamline BL40B2 of Spring-8 synchrotron Journal of Nanotechnology 3 facility in Hyogo, Japan. For detailed information on beamline BL40B2, please refer to Inoue et al.'s publication [14] . The beam was monochromatized to a wavelength value of 0.1 nm with an object distance of 1151.767 mm. All patterns were recorded on a CCD camera, which was calibrated by the diffraction rings from AgBH (Silver Behenate) reference sample. An aluminum filter block was employed to decrease the strength of X-ray so as to obtain optimized pattern. The measurement time per sample was chosen to eliminate the radiation damage on tested samples, and subsequently determined as 10 seconds. The data reductions of the obtained 2-D X-ray scattering patterns were processed with NIKA macros [15] based on Igor 6.02 (Wavemetrics, Lake Oswego, Oregon). All plots were recorded after the subtraction of instrument background.
Thermal measurements using Differential Scanning Calorimetry (DSC) were performed on approximately 8 mg of samples using SEIKO 6200 (Seiko, Japan) with its customized analytical software. The samples were heated from −50
• C to 200
• C at a heating rate of 5
• C/min, and were maintained at 250
• C for 5 minutes and then they were cooled to 25
• C at 10
• C/min. Using traditional measurement techniques, the glass transition temperature (T g ) was taken as the inflection point of the increment of specific heat capacity. The melting temperature was recorded for analysis as well. Finally, a moisture meter (CA-100, Mitsubishi Chemical Corporation, Japan) was used to measure the absolute moisture content for all samples. Each measurement was conducted at least three times and the averaged value was recorded. Transmission electron microscopy (TEM) was performed on ultrathin sections on JEX-2100 microscope (JEOL, Tokyo, Japan), operating at an accelerating voltage of 120 kV. Only the low moisture content samples could be sectioned at room temperature with a diamond knife at Leica Ultramicrotome (EM UC7, Tokyo, Japan). Obtained sections of 150 nm thickness were sandwiched between two 300-mesh copper grids for TEM observation.
Size Distribution.
Size distribution analysis of the crystalline domain is an important step in understanding the morphology within polymeric nanocomposite systems. The size distribution profiles for obtained samples were calculated according to an maximum entropy method (MEM) developed by Potton et al. [16] from Irena modeling macros [17] . For detailed description of the MEM, please refer to Potton et al.'s publication.
Result and Discussion
Moisture Measurement.
Moisture measurements on the samples with and without MMT can indicate the influence of starch/plasticizer and starch/MMT interactions on the extent of moisture removal from the polymer matrix [18, 19] . Table 1 showed the moisture content for all the samples, along with the characteristic peak for the amylose interhelix and the average MMT basal spacing. It was observed that increasing sorbitol concentration typically reduced the amount of water within the polymer matrices by occupying some amylose-water interaction sites [5] . In the following sections, we discuss this behavior in detail using SAXS and DSC analysis.
The findings observed from the moisture measurement experiments were quite interesting. It was observed that the addition of sorbitol decreased the equilibrium moisture content in the low-humidity samples; for example, the moisture content for OS210 and S410 samples was found to be 3.23% and 2.45%, respectively (Table 1) . These results highlighted the strong amylose-sorbitol interaction which led to the replacement between water molecules by sorbitol molecules. However, in ternary nanocomposites, no obvious defined tendency about the relationship of equilibrium moisture content and the sorbitol/MMT was observed. For example, the samples with relative higher sorbitol content of 15-20 wt% but low clay content (from 1 to 4 wt%) showed an increasing (S115/S315 and OS115/OS315) or decreasing trend (S220/S420 and OS220/OS420) of equilibrium moisture content. In other words, for the samples with low equilibrium moisture content, higher sorbitol amounts did not increase the P MMT values irrespective of the MMT concentrations. This behavior reflected increased amylose-sorbitol interactions (instead of amylose-amylose interactions) as the free/excess water molecules were replaced by the sorbitol molecules. On the other hand, the P MMT values progressively increased with increasing sorbitol concentration for the samples with high moisture content, which indicated that the sorbitol facilitated the migration of polymer and/or water into the galleries of the MMT. This was quite interesting because such behavior was directly related to the crystalline domains with the matrix and the development of a stable morphology. Thus, these key aspects were investigated in detail via SAXS analysis and calorimetry in the following sections.
Synchrotron Results
Pure Starch and Binary Composite Sample (Starch + Sorbitol and Starch + MMT).
The background of the sample holder was subtracted from the raw patterns. The 2-D diffraction patterns for pure starch and binary composite samples (starch + sorbitol and starch + MMT) are shown in Figure 1 . Correspondingly, the SAXS profiles are presented in Figure 2 .
As shown in Figures 1(2) to 1(6), the diffraction patterns changed from circular (seen in PS) to elliptical with the addition of MMT (seen in S200/S400) and the presence of sorbitol (seen in S010/S020) decreased the diffraction intensities. Since the azimuth of the ellipse [20] reflected the influence of MMT loading and its orientation, the SAXS pattern revealed an increased lamella size with increasing MMT concentration, and such behavior had been shown earlier [21, 22] . Meanwhile, analyses of these raw patterns were carried out and the SAXS profiles for the pure amylose sample and its binary composite samples are shown in Figure 2 . The diffraction intensity also highlighted the heterogeneities occurring across the polymeric network, and this was typically attributed to the electron-density heterogeneities [23] . It revealed that the higher intensities of S010/S020 and S200/S400 samples compared to those of PS were due to the larger lamellar morphology formed within the polymeric network. This strongly supported the argument that a crystalline-type growth was favored by the presence of sorbitol or MMT. Similarly, in the lowmoisture-content samples, greater ellipticity of the patterns indicated higher lamella heterogeneity across the samples. Such behavior had been reported by Grubb and Murthy in nylon-6 fibers during dehydration [24] .
The interesting observation for OS020 sample was the "shoulder" located around Q ≈ 0.04-0.06Å −1 , seen in Figure 2 (b), which typically corresponded to a long periodic structure of the processed starch polymer [25] . Also, this long periodic structure of amylose is a characteristic of the moisture-rich samples, seen in Figure 2(a) . So, for sample OS020, this unique feature suggested that its long periodic structure was preserved after drying treatment. Unique shoulder from OS020
Figure 2: SAXS profiles for pure starch, starch/sorbitol, and starch/nanoclay samples (a) high-moisture-content and (b) low-moisturecontent samples generated from NIKA data processing software.
et al. [26] had earlier discussed the disappearance of a shoulder in the low-moisture-content starch samples and its influence on the retrogradation behavior. Thus, in the absence of moisture, this morphology was possible with strong amylose-sorbitol interactions that allowed the sorbitol molecules to replace the water molecules in amylose-water interaction sites. The lack of the well-defined 9 nm (Q = 0.07Å −1 ) peak in the processed bio-nanocomposites and the appearance of a "shoulder" indicated a successful gelatinization process which destroyed the polymer organization and facilitated the polymer molecules to occupy the MMT galleries in the crystal's layers [27] . The characteristic peak for starch was assigned at Q = 0.36Å −1 and Q = 0.368Å −1 for the high-and low-moisture-content samples, respectively. These peaks corresponded to the 100 interhelix reflection of amylose polymer and were also typical of the B-type crystal [28] . These values were very similar to the observed values in Lopez-Rubio et al.'s investigation where they reported this peak value of extruded high-amylose maize starch at Q = 0.375Å −1 [29] . The slight deviation between the two reported values was within expectation since the 100 6 Journal of Nanotechnology peak was known to be related to the water content [30] , and the deviation could be attributed to the difference in hydrated crystalline fractions within the 100 peak position. Using Bragg's calculation, the interhelix domain showed an increase from 17.1Å to 17.4Å upon hydration. This result was in agreement with Cleven et al.'s work where the diffraction peaks for B-type starch shifted toward greater lattice spacing with increasing hydration of the sample [31] . The Bragg peaks occurred at a series of Q values satisfying the relationship d ≈ 2π/q. The corresponding basal spacing values are shown in Table 1 together with the characteristic parameters for each sample.
For the pristine MMT, the basal spacing value provided by the supplier is 11.7Å. It could be read from Table 1 that the basal spacing value for S200 increased to 21.66Å after extrusion (the characteristic peak of MMT (P MMT ) located in Q = 0.290Å −1 ). This indicated that the starch chain had successfully penetrated into the gallery of MMT platelets [32, 33] .
The characteristic peak of extruded amylose earlier discussed as P starch in Table 1 was a reflection of B-type crystalline morphology and this peak was found to decline upon the addition of sorbitol, as seen in Figure 2(b) .
Further, the P starch also shifted to a lower Q value indicating an enlarged interhelix spacing, confirming the sorbitol molecules were "held" tightly within the starch network under a low-moisture environment. Finally, analyzing the P MMT data presented in Table 1 and the peaks shown in Figure 2 , it was seen that the removal of free water led to greater amylose-MMT intercalation (e.g., reduced basal spacing from 21.7Å (S200) to 14.7Å (OS200)) and similar results had been shown in the case of saponite hydration [34] . Meanwhile, the P starch for OS010 and OS020 showed Q = 0.358Å −1 and Q = 0.355Å −1 , respectively. Such observation pointed out the crucial role played by water molecules in modifying the interactions of starch and sorbitol at low equilibrium moisture content scenario.
Competitive Interactions in the Ternary Composites (Starch + Sorbitol + MMT).
The raw 2-D X-ray diffraction patterns for the representative ternary composite samples (amylase + sorbitol + MMT) are shown in Figure 3 . Correspondingly, the SAXS profiles are presented in Figure 4 .
Comparing the raw diffraction patterns for the binary composite samples (Figure 1 ) and the ternary composites samples (Figure 3) , there is no intuitive distinctness that can be observed. They shared the common features such as their elliptical shape and the ellipticity increased upon the removal of water. Thus, besides the discussions based on corresponding SAXS profiles (Table 1 and Figure 4 ), further analysis (the size distribution calculation) on the ternary composites had been carried out to gain a better understanding of the synergistic interactions within this complex system.
Within expectation, the intensity of scatter increased with the MMT loading for both sets of samples, as seen in Figure 4 . As shown in Table 1 , in all the samples, the P starch (100 interhelix distances) shifted to a lower value when the sorbitol concentration exceeded 15%, regardless of the MMT loading. These results corroborated the hypothesis that there was a "threshold" sorbitol loading whereby the starchsorbitol interactions became dominant and that beyond this threshold concentration, its plasticization ability was unaffected by the loss of free water molecules [4] .
It was interesting to see that all well-defined peaks in the low-moisture-content samples were absent, and, further, the peak for MMT basal distance and the 100 interhelix of polymer tended to overlap. This indicated the presence of short-range order within the biopolymer nanocomposite systems where the MMT hindered the amylose-sorbitol aggregation to further increase in their domain size.
The broad "shoulder" found in the high-moisturecontent samples, Figure 4 (a), which typically related to the amylose gelatinization process disappeared in low-moisturecontent sample reflecting poorly organized amylose helix structures [35] . Shamai et al. had made the observation that small-scale polymeric reorganization due to retrogradation was typically presented in "shoulder" analysis [26] due to the loss of equilibrium moisture. The absence of shoulder in the low-moisture nanocomposites' profiles, Figure 4 (b), indicated the formation of "dispersed" heterogeneities within the network structure. The presence of MMT prevented some recrystallization of the polymeric network, and the loss of water molecules allowed the amylose-sorbitol assemblage to form various domain sizes within the matrix since this behavior was not seen after the incorporation of 2 wt% MMT (sample OS220 in Figure 4(b) . The heterogeneities in lamellar structure, which resulted from the different crystalline domains formed by the removal of weakly associated water molecules, are further discussed Section 3.2.4.
Some researchers [36] had reported that increasing the sorbitol amount could lead to a small reduction in the basal spacing due to the stronger interaction of water-sorbitol compared to water-MMT interaction. We found that this was true for the high-moisture-condition samples; for example, for 2 wt% MMT samples, the basal spacing reduced from 21.7Å to 20.8Å, as the sorbitol was increased to 20 wt%. But for the low equilibrium moisture content samples, we noted that no such dominant trend existed; the water molecules interacted with both sorbitol and with polymer chains depending upon the concentration of MMT. The deviation of the basal spacing for two sets of samples (denoted as Δd in Table 1 ) decreased with the sorbitol concentration irrespective of the MMT loading.
Formation of V-Type Crystals.
On top of the B-type crystals discussed in the previous sections, X-ray patterns for V-type starch crystal were observed in all the extruded amylose samples. This crystal consisted of the regular packing of ordered amylose single helix with a diameter of 1.3 nm [37] and 1.36 nm [38] for dehydrated and hydrated crystal, respectively [39, 40] . The V-type crystal peaks were assigned as 1.33 nm (Q = 0.475Å −1 ) and 1.28 nm (Q = 0.487Å −1 ) for the high-and low-moisture-content samples in the current study, as seen in the inset window in Figures 2  and 4 .
In summary, in the starch/water/sorbitol/MMT system, when the relative concentrations were not in excess, multiple interactions among different components coexisted: including the interactions between plasticizers such as water and sorbitol (acting as two competing plasticizers), the interactions between starch and plasticizers, and the interaction between starch and MMT, as well as the interactions between MMT and sorbitol/water. This will be further discussed Section 3.2.4.
Size Distribution of the Various Crystalline Domains on
Ternary Composite Samples. Based on the theory of SAXS, the central condition for obtaining the size distribution information is the presence of heterogeneity in the electron density distribution on nanoscale [23] ; thus, quantitative analysis could be carried out based on the obtained SAXS profiles. The obtained SAXS profiles for all the samples were analyzed using rod-like structure particle model (Unified Rod model, aspect ratio = 100) in the size distribution calculation [41, 42] to gain a better understanding of MMT intercalation/agglomeration. Unlike most polymer nanocomposite investigations, this study involved unmodified MMT mixed with sorbitol plasticizer to increase the effectiveness of the MMT platelets in hindering large-scale reorganization of amylose-sorbitol groups (and forming large domains). The size distribution calculation results are shown in Figure 5 . Two well-defined domains were observed in the low-moisture-content samples, where the scatter diameters were denoted as d 1-low (around 95Å) and d 2-low (around 310Å). However only one domain (d 1-high ) sized around 95Å was defined in the high-moisture-content samples.
The quantitative results of size distribution within these samples are tabulated in Table 2 , where the normalized residuals for all the fittings were within ±1Å, suggesting a fairly good fitting. Table 2 shows two different size distribution profiles, where the mean scatter diameter for domain 1 ranged from 78.5Å to 104Å and 79.7Å to 100.8Å for the high-and low-moisture-content samples, respectively.
The mean diameter was obviously related to the sorbitol/MMT loading due to their strong interactions, and it was observed that the sorbitol-rich samples had a larger scatter diameter (d 1-high ) in the high-moisture-content samples, (Table 2) . However, for the low-moisture-content samples, the value of d 1-low decreased with increasing the sorbitol amount.
The impact of modifying the MMT with the sorbitol plasticizer was seen in the limited long-range order achieved by the bionanocomposite matrix due to the typical interactions within "MMT-rich" environment [43] and the steric hindrances associated with a platelet-type structure. However in this study, it was interesting to note that the polymer-MMT interactions were comparatively stronger with low sorbitol amounts, which led to a lower degree intercalated structure. This was reflected in the reduced scatter diameter upon changing the sorbitol concentration, as indicated by the size distribution results. This behavior was also seen in the representative TEM images (Figure 6 ), and they were the visual representation of MMT intercalation at both low sorbitol and high sorbitol concentration to compare the impact of excess plasticizer.
The observation of two domains could be correlated to the well-defined retrogradation phenomena, where the rearrangement of amylose chains typically dominates other processes [44, 45] . Schiraldi et al. [46] had discussed that the retrogradation behavior was hindered in the presence of excess sorbitol. However, the results shown here strongly suggested that different size domains coexisted within the samples even at a higher sorbitol concentration indicating the amylose retrogradation process. Thus, it was concluded that a combination of moisture and sorbitol concentration could effectively limit amylose-amylose interactions and prevent the formation of larger domains.
Thermal Characterization Using Differential Scanning
Calorimetry. Figure 7 compares the typical heat flow curve for amylose polymer and its bionanocomposites and outlines the impact of addition of MMT and sorbitol on the crystalline phase and the melting temperatures of the bionanocomposites.
The variation in peak width and height indicated that the crystallinity was significantly affected by the presence of sorbitol and MMT. In polymer-MMT systems, the endotherm peak can provide information on the crystalline phases in the nanocomposites when the MMT platelets have molecularlevel interactions within the polymer matrix. The SAXS data and TEM images had proved the existence of strong polymer-MMT interactions and various levels of MMT intercalation within the bio-nanocomposites.
Comparing Figures 1 and 7 , sample S200 showed that the addition of MMT led to the formation of a relatively ordered polymeric network (peak became sharper), and this strongly correlated with the corresponding diffraction pattern (elliptical SAXS pattern). Also, the melting temperature increased upon increasing the sorbitol concentration, even though the melting enthalpy remained comparable (comparable peak height and width), irrespective of the MMT content ( Figure 1 showed diffraction patterns with varied intensities and sharpness).
To improve the understanding of those interactions, the crystallization process was modeled by the Avrami equation [47] to investigate the nonisothermal crystallization kinetics [48] 
All the curves had a partial sigmoidal shape (not shown here), and an analysis of the development of the relative crystallinity was carried out using X t = 1 − exp(−kt n ). A plot of log[− ln(1 − Xt)] versus log(t) (Figure 8 ) provided the first parameter n, whose value depended upon the mechanics of nucleation and on the form of crystal growth, and the second parameter k, a rate constant containing the crystal growth parameters. In Figure 8 , nearly all the samples demonstrated one prominent linear region; however, the regions were distributed over different time lengths. This linearity reflected a large-scale homogeneous domain formed by the polymer/MMT intercalated regions. Further, the small changes in the slope (Figure 8 , region near the dashed line) indicated the presence of a small fraction of heterogeneous crystalline domain, and such heterogeneity was due to the typical secondary nucleation causing smaller imperfect crystals to form larger domains [49] .
Moreover, Figure 8 shows the amylose crystallization kinetics, which emphasized the nucleation mechanism, and also shows significant deviation upon the addition of MMT (comparing PS to OS200) [50] . Two key points were highlighted from Figure 8 : one, the interaction between sorbitol and MMT did not influence the onset temperature (shown by the vertical solid line) and two, the sorbitol had a greater influence on the development of heterogeneities within the crystalline domains (indicated by the slanted dashed line and its slope), as compared to the effect of MMT itself.
Finally, comparing n and k, Table 3 for the samples with high and low equilibrium moisture content revealed the complex interactions that coexist in this system. As shown in Table 3 and Figure 9 , the values of n for all the high-moisture nanocomposites were overall smaller than those of the low-moisture nanocomposites. This indicated a tridimensional growth with heterogeneous nucleation where PS S010 S020 S105 S115 S200 S210 S220 S305 S315 S400 S410
Arbitrary scales the interactions between water and amylose were replaced by sorbitol and amylose. This behavior was expected for the low-moisture-content samples since the removal of free water molecules restricted the mobility of starch polymer and weakened its ability to form highly ordered structure correspondingly. The finding of two domains in the low-moisture samples further supported this argument. Further, the significance of water molecules in allowing crystalline fractions to grow was interpreted from the large variation in parameter k values. Since the mobility of water molecules was higher than that of sorbitol (due to a smaller molecular size of water), the domain growth was expedited by the presence of sufficient water-amylose interactions. In other words, the chain mobility was a main factor that determined the k parameter value; the larger k value found for the high-sorbitol-content samples (S020 and S420) further suggested that higher-chain mobility can be obtained if enough sorbitol-amylose interactions took place, even in the presence of MMT. Such investigations are currently being carried out. 
Conclusions
Small angle X-ray diffraction technique and calorimetric measurements were employed to ascertain the competitive nature of sorbitol-amylose interaction in both high-moisture and low-moisture conditions. To modify the plasticizer (sorbitol and water)-polymer interactions, the MMT was incorporated at various loading, and it was found that when the additives (plasticizers and MMT) were not in excess, the amylose crystalline domains exhibited different diffraction patterns due to the changes in MMT basal spacing and crystalline size distribution. Increasing the sorbitol content favored the polymer intercalation with the MMT rather than expanding the MMT basal spacing by greater sorbitolamylose interactions. B-type and V-type starch crystals were observed in all the extruded samples. The crystalline domain size could be altered depending on the relative concentrations of MMT and sorbitol plasticizers. Variations in sorbitol-amylose interactions also caused the loss of water molecules from the matrix, and then the strong retrogradation characteristics of amylose suppressed the MMT basal spacing and the crystalline size radius of the crystalline domain. As a result, two different size domains (around 95Å and 310Å) were found for the low-moisture samples; however, only one domain (around 95Å) was evident for the high-moisture samples.
Together with the SAXS studies, the calorimetric analysis revealed the complex interactions between MMT and plasticizers (sorbitol and water), when the components were not in excess. Further, the packing of crystalline domains and the heterogeneous growth were influenced by the addition of MMT and its interaction with sorbitol, as revealed by the results of the nonisothermal crystallization kinetics analyzing. MMT predominantly influenced the packing of the crystalline domain, but presence of plasticizer helped maintain long-range order and greater heterogeneity, and these findings strongly correlated with the diffraction pattern results.
